ABSTRACT Plants have two classes of myosins. While recent work has focused on class XI myosins showing that myosin XI is responsible for organelle motility and cytoplasmic streaming, much less is known about the role of myosin VIII in plant growth and development. We have used a combination of RNAi and insertional knockouts to probe myosin VIII function in the moss Physcomitrella patens. We isolated Dmyo8ABCDE plants demonstrating that myosin VIII is not required for plant viability. However, myosin VIII mutants are smaller than wild-type plants in part due to a defect in cell size. Additionally, Dmyo8ABCDE plants produce more side branches and form gametophores much earlier than wild-type plants. In the absence of nutrient media, Dmyo8ABCDE plants exhibit significant protonemal patterning defects, including highly curved protonemal filaments, morphologically defective side branches, as well as an increase in the number of branches. Exogenous auxin partially rescues protonemal defects in Dmyo8ABCDE plants grown in the absence of nutrients. This result, together with defects in protonemal branching, smaller caulonemal cells, and accelerated development in the Dmyo8ABCDE plants, suggests that myosin VIII is involved in hormone homeostasis in P. patens.
INTRODUCTION
Myosins are actin-based molecular motors found in almost all eukaryotes. Myosins are defined by the presence of a highly conserved motor domain, which functions to convert the energy from ATP hydrolysis into force generation along actin filaments. Based on sequence similarity within the motor domain, myosins have been grouped into at least 35 families (Odronitz and Kollmar, 2007) . Metazoans, yeast, and amoebae share a number of common myosin families, such as classes I, II, and V. Interestingly, plants have evolved a distinct subset of myosins that group into two families: classes VIII and XI (Bezanilla et al., 2003a; Odronitz and Kollmar, 2007; Peremyslov et al., 2011) . In seed plants, there are a large number of class XI myosins and a small number of class VIII myosins. For example, in Arabidopsis thaliana, four of the 17 myosins are class VIII.
Class XI myosins are most similar in sequence and structure to class V myosins, which play a critical role in vesicle and organelle motility (Reck-Peterson et al., 2000) . Structural features shared by both classes include: an N-terminal motor domain, with six light chain binding (IQ) motifs, a coiled-coil, a globular tail, and a dilute domain. Recently, a number of studies have demonstrated that class XI myosins are essential for organelle motility and structure (Li and Nebenfuhr, 2007; Avisar et al., 2008b; Sparkes et al., 2008; Natesan et al., 2009; Yokota et al., 2009 Yokota et al., , 2011 , cytoplasmic streaming Ueda et al., 2010) , and tip growth (Vidali et al., 2010) .
Although class VIII myosins were the first plant myosins to be cloned (Knight and Kendrick-Jones, 1993) and, in seed plants, they are the smaller gene family, much less is known about the role of myosin VIII in plants. Class VIII myosins are characterized by an N-terminal motor domain followed by four IQ motifs, a region of coiled-coil, and a tail sequence with no obvious conserved motifs.
An antibody raised to the class VIII myosin ATM1 from Arabidopsis was used for immunofluorescence and immunogold microscopy. These studies showed that myosin VIII localized to plasmodesmata and new cell plates in the root cells of maize and Arabidopsis (Reichelt et al., 1999) . Additionally, the same antibody was used on maize root apices and found to localize to pit fields (Baluska et al., 2004) . A GFP fusion to the full-length ATM1 was found to localize strongly to the new cell plate in tobacco BY-2 cells (Van Damme et al., 2004) . Additionally, a GFP fusion to the IQ domain and tail of ATM1 was used to analyze localization in Arabidopsis roots, where it was found to localize in different cellular compartments, depending on the tissue type. These compartments included the cytoplasm, transverse cell plates, and punctate structures that resembled endocytic compartments, some of which were sensitive to Brefaldin A (BFA) (Golomb et al., 2008) . Interestingly, when this fusion was transiently expressed in N. benthamiana, it localized to pit fields and the ER (Golomb et al., 2008) . A similar GFP fusion to ATM2 expressed in N. benthiamana localized to endocytic compartments (Sattarzadeh et al., 2008) . These localization studies have implicated a role for myosin VIII in endocytosis, cytokinesis, and plasmodesmal function.
Functional studies on myosin VIII have been carried out using dominant negative approaches where the C-terminal tail is overexpressed. In one study, overexpression of class VIII, though not class XI, myosin tails specifically affected localization of the viral Hsp70 homolog to the plasmodesmata (Avisar et al., 2008a) . Overexpression of the tail of myosin VIII in some cases impaired Golgi motility (Avisar et al., 2009) . Furthermore, motility of endosomes containing the ARA6 marker was impaired when these endosomes were associated with truncated ATM1 molecules (Golomb et al., 2008) . These data support some of the localization studies and suggest that myosin VIII plays a role in plasmodesmata and endocytosis.
Here, we use the moss Physcomitrella patens to study the role of myosin VIII during moss growth and development. P. patens has five myosin VIII genes-a similar number to the myosin VIII family in characterized seed plants. However, phylogenetic studies suggest that the myosin VIII family in P. patens has likely expanded in mosses independently of the expansion in seed plants (Peremyslov et al., 2011) . These studies suggest that the earliest common ancestor to land plants likely had one class VIII myosin. In support of this, Chlamydomonas has one class VIII myosin, while Selaginella has two. Taking advantage of a rapid RNA interference (RNAi) assay as well as P. patens' ability to perform gene targeting, we generated loss-of-function mutants in myosin VIII. Interestingly, we found that, while myosin VIII is not essential for viability, it is involved in proper patterning and control of developmental timing.
RESULTS

P. patens Has Five Highly Similar Myosin VIII Genes
P. patens has five class VIII myosins (Figure 1 ). Based on the predicted gene models from the most recent annotation of the P. patens genome (v1.6 from http://cosmoss.org/), we isolated full-length transcripts for all five class VIII myosins. Sequence analyses of the full-length transcripts confirm the predicted gene models for myo8A and myo8C. Slight modifications were made to the predicted gene models for myo8B, myo8D, and myo8E (Genbank accession numbers: JN255183, JN255184, and JN255185, respectively). Each myosin VIII gene has 23 exons and is very similar both in exon and intron size. Additionally, there is a high degree of sequence similarity among the myosin VIII proteins (Table 1 ). All five myosin VIIIs have an N-terminal extension on the motor domain, ranging from 274 to 330 amino acids in length, and four light chain-binding motifs downstream of the motor domain. Two regions of coiled-coil are predicted just downstream of the light chain binding motifs (Figure 1) .
In contrast to the four IQ motifs and regions of coiled-coil, which are shared among most plant class VIII myosins, the large N-terminal extension on the moss motor domains is not common among class VIII myosins from other plants. However, a similarly sized extension that contains sequence similarity to the moss myosin N-termini was found on predicted myosin VIIIs from Oryza sativa and Setaria italica. Thus, it is possible that this extension, which was not annotated in the first released P. patens genome (v1.1 from http://genome.jgi-psf.org/Phypa1_1/ Phypa1_1.home.html), has not been properly annotated in other sequencing projects or is only found in a subset of class VIII myosins. Since the full-length transcripts contain the sequence encoding for the N-terminal extension and these sequences are similar amongst the five myosin VIII genes, it suggests that the N-terminal extension is likely a part of the full-length protein.
Myosin VIII Genes Are Expressed in Protonemal and Gametophore Tissue
Previous phylogenetic analysis demonstrated that the moss myosin VIIIs group into two clades consisting of: myo8A, myo8D, myo8E; and myo8B, myo8C (Peremyslov et al., 2011) . To determine which groups were expressed in protonemal and gametophore tissues, we analyzed the relative expression level of the five myosin VIII genes using real-time quantitative reverse transcription PCR (qRT-PCR). In protonemal tissue, myo8A, myo8B, and myo8C have the highest expression and are expressed at similar levels with respect to each other (Figure 2 ). In contrast, myo8E and myo8D transcript levels are threefold and 100-fold lower, respectively, than myo8A, myo8B, and myo8C levels ( Figure 2 ). All five myosin VIII genes are also expressed in gametophores (Figure 2) . However, the relative expression level is reduced compared to expression in protonemal tissue, with the exception of myo8D, which appears up-regulated in gametophores (Figure 2 ). These data suggest that myosin VIII may be involved in the transition from protonemata to gametophores.
Myosin VIII Is Not Required for Plant Viability
To probe the function of myosin VIII, we took advantage of a rapid RNAi assay that enables silencing of multiple genes simultaneously within 1 week after transformation of the RNAi construct (Bezanilla et al., 2005; Vidali et al., 2007) . We made an RNAi construct containing regions of sequence from the 3' ends of myo8A, myo8B, and myo8E ( Figure 1 ). All five myosin VIII genes are highly similar in this region; thus, it is likely that all five myosins could be targeted by the RNAi construct. Six days after transformation, actively silencing plants were identified and imaged (see Methods). Plants transformed with the myo8-RNAi construct are 68% the size of control RNAi plants (Figure 3) . Other than the difference in size, myo8-RNAi plants were morphologically similar to wild-type plants, suggesting that myosin VIII may not be required for plant viability, but is required for optimal protonemal growth.
Since the RNAi assay is transient and does not enable phenotypic analysis of later developmental stages, we generated insertional knockouts by homologous recombination for each of the myosin VIII genes. The knockout constructs are shown below each gene model in Figure 1 . In all cases, at least a small region of the coding sequence toward the 5' end of the transcript was removed from the genomic locus and replaced with a resistance cassette ( Table 2 ). To generate knockouts in multiple myosin VIII genes, we serially transformed knockout constructs into existing and validated knockout lines.
Except for myo8B, the resistance cassette that was inserted into the genomic locus was flanked with loxP sites (Figure 1 ). To generate Dmyo8ABCD, Dmyo8BCDE, and Dmyo8ABCDE, we removed the resistance cassettes from the myo8C and myo8D knockout loci in Dmyo8BCD using CRE-mediated recombination (Sauer, 1998) . CRE removes all sequences between the two loxP sites, leaving behind a single loxP site. To ensure that myo8C and 8D were disrupted after removal of the resistance cassette, we sequenced these loci from the line treated with CRE recombinase. In both cases, the loxP site was found downstream of the insertion site and sequence analysis confirms that an in-frame stop codon was introduced into the coding sequences of both myo8C and myo8D (Supplemental Figure 1) .
PCR was used to double-check proper insertion into the myo8A, myo8B, and myo8E loci in Dmyo8ABCDE. Proper insertion at both the 5' and 3' insertion sites was tested (Supplemental Figure 2) . PCR genotyping confirmed that a single copy of the knockout construct inserted into the myo8A and myo8E loci (data not shown). Southern blotting of Dmyo8B showed that approximately 10 copies of the knockout construct had inserted into the myo8B locus (data not shown). PCR analysis of the insertion suggests that these multiple copies have varying orientations (Supplemental Figure 2) . However, since no transcript can be detected in the knockout plants (see below), we expect this large insertion has disrupted the gene product.
As the RNAi suggested, myosin VIII is not required for plant viability, since it is possible to isolate a line containing knockouts of all five myosin VIII genes. To analyze the phenotype of the myosin VIII knockout lines, we regenerated plants from protoplasts. We measured the size of plants 6 d after protoplasting. We observed that the single knockouts are slightly smaller than wild-type plants (Figure 4 ). The growth defect is dependent on the number of myosin VIII genes that are present in the moss. As more myosin VIII genes are removed, the Numbers indicate percent identity/percent similarity. Relative expression levels of myosin VIII genes normalized to ubiquitin 10 as determined by qRT-PCR with RNA isolated from 7-9-dayold protonemal tissue (dark gray) or from gametophores isolated from 2-month-old plants. Error bars represent standard error of the mean for at least two biological replicates.
myosin VIII knockout plants become progressively smaller. This suggests that the myosin VIII genes may be functionally redundant with respect to growth. Not surprisingly, Dmyo8ABCDE is the smallest mutant, with an average plant size 58% the size of wild-type plants.
To ensure that the myosin VIII transcripts were either missing or altered in the knockout lines, we performed RT-PCR on RNA isolated from wild-type and Dmyo8ABCDE plants. We amplified the 5' end of the transcript from the first exon to an exon downstream of the insertion site (Figure 1 ) using cDNA generated with a pool of myosin VIII reverse primers. For myo8B and myo8E, the transcripts can not be amplified in Dmyo8ABCDE (Figure 5 ), suggesting that the knockout has affected transcription of the 5' end of these genes. For myo8C and myo8D, transcripts are detected that are 221 and 491 bp, respectively, bigger than the wild-type products ( Figure 5 ). These insertions reflect the presence of the loxP site and sequences from intron 7 for myo 8C and intron 4 for myo 8D. Due to the high degree of sequence similarity between myo8A and myo8D, we generated myo8A-specific cDNA using a single myo8A gene-specific reverse primer. We were only able to detect transcript for myo8A in cDNA generated from wild-type RNA, suggesting that the myo8A transcript is missing in Dmyo8ABCDE. Taken together, these data show that the myosin VIII genes have been altered and, if partial transcripts are present, they code for truncated proteins (Figure 1, arrows) .
The fact that the myosin VIII knockouts are smaller than wild-type is in part due to a reduction in cell size (Table 3) . However, for Dmyo8ABCDE, the reduction in cell size is not as great as the overall reduction in plant size. Thus, it is possible that the plants are performing either cell expansion or cytokinesis at a reduced rate compared to wild-type. To determine whether cell expansion rates are altered in Dmyo8ABCDE, we acquired time-lapse images of plants growing on solid PpNH4 medium (Supplemental Movie 1). We found that Dmyo8ABCDE grows at 0.25 6 0.08 lm/min (n = 32), while wild-type grows at 0.38 6 0.06 lm min À1 (n = 16). Using a Student's t-test, we found that this difference is statistically significant (P , 0.0001). These data show that there is a reduction in the rate of tip growth, but perhaps not sufficient to account for the overall growth defect. Since myosin VIII has been implicated in cytokinesis, we carefully inspected Dmyo8ABCDE plants for possible defects in cell division. Staining plants with calcofluor enabled imaging of new cell plates (Figures 3 and 4) . However, we did not observe any defects in cell plate positioning or in deposition of cell plate material. We also stained cells with DAPI (data not shown) and were not able to identify any multi-nucleate cells, a hallmark of defective cytokinesis. Thus, the physical separation of cells appears unaltered. However, it is likely that delays in cytokinesis together with slower tip growth account for the reduced plant size in Dmyo8ABCDE.
Myosin VIII Is Involved in Proper Branch Formation
As Dmyo8ABCDE had the most profound growth phenotype, we wished to examine the phenotype in more detail to assess how growth is affected. Analysis of 6-day-old plants revealed that more side branches were forming in Dmyo8ABCDE compared to wild-type (Table 3 ). This phenotype is readily apparent in older plants ( Figure 6 ). The edge of wild-type plants is composed of highly extended protonemal filaments whose tips are composed of caulonemal cells. The branching pattern is uniform, with the third subapical cell typically containing a single branch. In contrast, Dmyo8ABCDE plants have highly branched protonemal filaments, with substantially smaller caulonemal cells at the apex. The distance between the first branch and the tip of the filament is reduced by 50% in Dmyo8ABCDE. Additionally, there are twice as many branches per unit length in Dmyo8ABCDE compared to wild-type (Table 3) . Interestingly, the increase in branch density is not tightly correlated with cell size, since Dmyo8ABCDE cells are 33% smaller than wild-type (Table 3) . Instead, the increase in branch density is likely due to multiple branching events from a single cell ( Figure 6B ). Although this occurs in wild-type plants, it is much more common in Dmyo8ABCDE. The increased branch frequency in Dmyo8ABCDE is readily apparent in the time-lapse movie used to determine tip growth rates (Supplemental Movie 2). Dmyo8ABCDE branches are also not as uniform as those in wild-type. It is common to observe large and small branches next to each other ( Figure 6B ), which is distinct from wildtype, where the smallest branches are near the apex of the filament and the longest branches are further from the apex. Additionally, the Dmyo8ABCDE branches form secondary branches early in their development ( Figure 6A, arrows) .
Myosin VIII Controls the Rate of Development
A 20-day-old Dmyo8ABCDE plant grown from a single protoplast contains fully developed gametophores ( Figure 7A ). RT-PCR on RNA isolated from wild-type and Dmyo8ABCDE protonemal tissue with primers flanking the insertion regions of the resistant cassettes (shown in Figure 1 ). In Dmyo8ABCDE, no transcript for myo8A, myo8B, and myo8E was detected. Myo8C and myo8D transcripts are still present, but are 221 and 491 bp bigger, respectively, than the wild-type products. In contrast, the same age wild-type plant has no visible gametophores ( Figure 7A ), suggesting that development of gametophores is accelerated in the mutant. Of note, the gametophores in Dmyo8ABCDE are indistinguishable from wild-type, suggesting that myosin VIII is not required under these conditions to pattern the gametophore. In moss, cytokinin induces bud formation (Bopp, 1963; Ashton et al., 1979) . Interestingly, treatment of plants with cytokinin results in many more buds in Dmyo8ABCDE compared to wild-type ( Figure 7B ).
Myosin VIII Is Required for Proper Growth in Limiting Nutrients
Although myosin VIII is not essential for viability under normal growth conditions, we investigated whether limiting nutrient availability might enhance the need for myosin VIII function. To test this, we regenerated wild-type and Dmyo8ABCDE protoplasts on protoplast regeneration medium. Protoplasts were plated in either agar or liquid medium. After 4 d, the regenerating protoplasts were transferred to plates containing only water and agar. When exposed to no nutrient media, moss plants can grow for about 3 weeks before dying. Long caulonemal filaments are formed at the edge of the plant. These filaments contain very few plastids compared to plants grown in nutrient media. Like wild-type, Dmyo8ABCDE plants also grew in the absence of nutrient media. However, as was observed in nutrient media, Dmyo8ABCDE plants had defects in branch formation. Interestingly, we observed that the Dmyo8ABCDE phenotype was exacerbated when grown on water containing agar if protoplasts were plated in liquid media as opposed to top agar before regenerating. In particular, the mutant caulonemal filaments were curlier than wild-type in plants regenerated after plating in liquid media ( Figure 8A and 8B) . To quantify this, we measured the index of curvature, which is the ratio of the length of a filament to the shortest linear distance between the tip and the filament. Wild-type filaments on average have a curvature index of 1.2 and are tightly distributed, with 100% of the filaments having a curvature less than 2. In contrast, Dmyo8ABCDE have an average curvature index of 5.6, with a very broad distribution and only 52% with a curvature index less than 2 ( Figure 8B ).
In addition to the curved filaments, often filaments grew in an undulating pattern ( Figure 8C , arrows). Defects in side branch formation were also very pronounced. Side branches were aberrantly shaped, often exhibiting swollen apical and subapical cells ( Figure 8C and 8D ). Branches were much shorter than wild-type and unevenly distributed along the main filaments ( Figure 8C , arrow heads). We also measured the rates of tip growth and found that Dmyo8ABCDE grows 1.8 times slower than wild-type on water containing agar (wild-type, 0.44 6 0.05 lm min À1 ; Dmyo8ABCDE, 0.25 6 0.04 lm min À1 ) (Supplemental Movie 3), indicating that the tip growth defect is enhanced under limiting nutrients. Since these conditions lead to an amplification of caulonemal growth and Dmyo8ABCDE has smaller caulonemal cells, the reduction in tip growth rates is consistent and suggests that myosin VIII may be preferentially required for caulonemal growth. Taken together, these data demonstrate that myosin VIII is important for proper protonemal patterning and growth in low-nutrient conditions.
Auxin Partially Rescues Morphological Defects in the Myosin VIII Mutant
Since Dmyo8ABCDE has shorter caulonemal cells and develops gametophores faster than wild-type plants, we suspected that Dmyo8ABCDE may have defects in hormone homeostasis. Therefore, we investigated whether Dmyo8ABCDE mutants could be rescued by increasing the level of auxin in the surrounding media. We regenerated plants from protoplasts plated in liquid media. After 4 d, they were transferred to water containing agar and, 4 d later, they were transferred to water with or without 1 lM NAA, a synthetic auxin analog. Dmyo8ABCDE plants grown without auxin exhibited characteristic growth defects, particularly increased undulating growth in protonemal filaments. In the presence of NAA, the protonemal filaments were similar to wild-type plants (Figure 9 ). These data show that auxin can partially alleviate the growth defects resulting from lack of myosin VIII function.
DISCUSSION
Here, we show that myosin VIII is required for proper protonemal patterning and development. Dmyo8ABCDE plants are smaller and the protonemal tissue is much more highly branched as compared to wild-type. It is interesting to note that the protonemal patterning defect is stronger when protoplasts are plated in liquid media instead of embedded in agar. When protoplasts are plated in agar and allowed to regenerate, they are surrounded on all sides by the agar support. Additionally, as the plant begins to grow, it grows against the agar cushion, which slows down growth as compared to growth in liquid media (data not shown). Thus, it is possible that the protonemal patterning defect is more evident at faster growth rates.
When exposed to cytokinin, which induces bud formation in moss, Dmyo8ABCDE plants are induced to form many more buds than wild-type. The increased number of buds might result from the increased branch density in the mutant or from the fact that the Dmyo8ABCDE is more advanced in its development compared to wild-type. Analysis of transcript levels shows that the total amount of myosin VIII transcript is reduced by 33% in gametophores, which suggests that myosin VIII transcripts are developmentally regulated. These data are consistent with the observation that Dmyo8ABCDE plants form gametophores much earlier in development as compared to wild-type.
Consistently with the hypothesis that Dmyo8ABCDE plants develop more rapidly than wild-type, we observed that many of the myosin VIII mutant plants exhibited senescence in their protonemal tissue 1-2 weeks earlier than wild-type plants (data not shown). Auxin has been shown to accelerate development in moss (Eklund et al., 2010) as well as induce caulonemal formation (Johri and Desai, 1973; Ashton et al., 1979; Cove, 1992) . Additionally, cytokinin induces buds (Bopp, 1963; Ashton et al., 1979) . Thus, improper patterning of protonemal branching, smaller caulonemal cells, and early gametophore formation and protonemal senescence suggest that myosin VIII mutant plants might have defects in hormone homeostasis.
It is unclear how hormones are transported through the plant body in mosses. Using radio-labeled auxin, it has been shown that, while there is polar auxin transport in the sporophyte, it was not detected in the gametophores of the gametophyte (Fujita et al., 2008) . P. patens has three genes with high sequence similarity to the polar auxin transporters from seed plants. Based on EST evidence (www.phytozome.net/ physcomitrella), one gene is expressed in protonemal tissue, while another is expressed in the upper half of the gametophore. There are no available ESTs for the third gene. With the expression of at least one PIN protein in protonemal tissue, it is possible that polar auxin transport occurs in protonemata. However, another alternative is that auxin as well as other hormones and small molecules may be transported through plasmodesmata. Interestingly, class VIII myosins have been localized to plasmodesmata in seed plants (Reichelt et al., 1999; Golomb et al., 2008) , suggesting that myosin VIII might help to modulate plasmodesmal transport in mosses.
While improper hormone homeostasis may result in many of the phenotypes observed in Dmyo8ABCDE, it is also possible that these patterning abnormalities stem from other defects. Myosin VIII has been implicated in cell division and endocytosis (Golomb et al., 2008; Sattarzadeh et al., 2008) . Although we did not observe any defects in cell plate positioning, it is possible that delays in cytokinesis could affect branch pattern formation, resulting in multiple branches emerging from the same cell. Smaller plants and cell size might result from slower rates of endocytosis, required for remodeling of the plasma membrane during growth and cell division. Consistent with this, we found that Dmyo8ABCDE tip growth rates are slower than wild-type. To decipher the molecular basis of the defects in Dmyo8ABCDE plants, future work will focus on determining whether hormones are properly mobilized through protonemata as well as determining the localization of myosin VIII during protonemal growth and development.
METHODS
Myosin VIII Knockout and RNAi Constructs
To generate myo8-RNAi, we amplified regions within the last exon for myo8A, myo8B, and myo8E from moss genomic DNA using specific primers (Supplemental Table 1 ). Using overlap extension PCR (Ho et al., 1989) , the three PCR fragments were annealed to each other in the following order: myo8A-myo8B-myo8E. The chimeric PCR product was cloned into pENTR/DTopo (Invitrogen) following the manufacturer's recommendations to generate myo8ABE-pENT. The final RNAi construct was generated by combining myo8ABE-pENT with pUGGi (Bezanilla et al., 2005) using an LR clonase (Invitrogen) reaction following the manufacturer's recommendations.
The myo8B, myo8C, and myo8D knockout constructs were generated before completion of the P. patens genome project. We used degenerate PCR to amplify regions of sequence from Wild-type and Dmyo8ABCDE plants were regenerated from protoplasts and plated in liquid media. Four days after protoplasting, plants were transferred to water containing agar. Four days later, they were transferred to water with or without 1 lM NAA. Scale bar = 100 lm.
the conserved motor domain (Bezanilla et al., 2003a) . We used the PCR product as a probe to screen a moss genomic library. Three clones were identified and sequenced containing partial myosin VIII sequences. These clones were used to generate the knockout constructs as follows. For myo8B, the genomic clone was digested with HindIII and blunted. A PvuII fragment from pGL2 (Bilang et al., 1991) containing a 35S::hygro::ter cassette was cloned into the blunted HindIII site, generating myo8B-KO. For myo8C, the genomic clone was digested with XcmI and HindIII and blunted. pBSKS35S-NPTII-lox (Trouiller et al., 2006) was digested with XhoI and SpeI and blunted to produce a blunt fragment containing the 35S::NptII::ter cassette flanked by lox sites. This was cloned into the blunted XcmI/HindIII sites generating myo8C-KO. For myo8D, the genomic clone was digested with NcoI and HindIII and blunted. pZeo (Perroud and Quatrano, 2008) was digested with NdeI and SphI to produce a blunt fragment containing 35S::Zeo::ter resistance cassette flanked by lox sites. This was cloned into the blunted NcoI/HindIII site generating myo8D-KO.
For myo8A, we amplified 3103 bp of the gene using specific primers (Supplemental Table 1 ) and cloned the PCR product into pCR2.1 (Invitrogen) using topoisomerase-mediated ligation following the manufacturer's recommendations. This clone was digested with NdeI and BamHI and blunted. The blunt fragment containing 35S::NptII::ter resistance cassette flanked by lox sites (see above) was cloned into the digested and blunted myo8A to generate myo8A-KO. For myo8E, we amplified 4869 bp of the gene using specific primers (Supplemental Table 1 ) and cloned the PCR product into pENTR/DTopo (Invitrogen) using topoisomerase-mediated ligation following the manufacturer's recommendations. This clone was digested with NaeI and BglII and blunted. The blunt fragment containing 35S::Zeo::ter resistance cassette flanked by lox sites (see above) was cloned into the digested and blunted myo8E to generate myo8E-KO.
Real-Time RT-PCR Analysis of Myosin VIII Relative Expression Level
Total RNA was extracted from 7-9-day-old protonemal tissue or gametophores isolated from 2-month-old plants that had been regenerated from protoplasts using the RNeasy plant mini kit (Qiagen), followed by DNase I treatment according to the manufacturer's protocol. cDNA was synthesized from total RNA using SuperScript III reverse transcriptase (Invitrogen) and oligo (dT) according to the manufacturer's protocol. All real-time PCR reactions used 4 ng of cDNA template in a 12.5-ll reaction using the Brilliant II SYBR GREEN QPCR Master Mix (Stratagene). The PCR conditions were as follows: 95°C for 10 min, followed by 50 cycles of 95°C for 30 s, and 60°C for 1 min. The primer sets were designed to have similar amplification efficiency and are listed in Supplemental Table 1 . The ubiquitin 10 gene was used as an internal control for all reactions. Real-time PCR reactions were performed in an Eppendorf Mastercycler ep Realplex2 thermal cycler, and data were analyzed with the Realplex software 2.2.
RNAi Assay
The NLS4 line (Bezanilla et al., 2003b ) was transformed as described previously (Vidali et al., 2007) (Bezanilla et al., 2005; Vidali et al., 2007) . The blue color of the calcofluor image was digitally separated. The resulting 8-bit image was manually thresholded and the total area estimated as the number of pixels selected; the same threshold setting was used for all plants from a single experiment.
Moss Transformation and Isolation of Stable Knockout Lines
To generate enough DNA for transformation into moss protoplasts, knockout constructs were amplified by PCR using specific primers (Supplemental Table 1 ). All PCR reactions were combined together and ethanol precipitated. The concentration of the DNA was measured using the optical density at 260 nm. Plants were transformed with at least 15 lg of DNA, and transformed protoplasts were plated in either top agar, which is composed of PpNH4 medium supplemented with 6% Mannitol, 10 mM CaCl 2 , 0.3% agar, or plating medium, depending on the downstream application. For selection of stable knockout lines, top agar was used. For phenotypic analyses, top agar or plating media was used. Plants were regenerated on PRM for 4 d. Transformants then were selected by transferring plants to PpNH4 medium supplemented with the appropriate antibiotic selection (hygromycin, 15 lg ml À1 ; G418, 30 lg ml À1 ; zeocin, 50-100 lg ml À1 ).
To select for stable integrants, transformations were cycled on and off antibiotic plates for three 1-week intervals. Potential stable integrants were grown on PpNH4 until enough tissue could be acquired for genomic DNA isolation. Knockout lines were verified either by Southern blot or by amplification of the knockout locus by PCR. To generate multiple knockouts in the same line, we serially transformed additional knockout constructs into previously validated knockout lines. We isolated at least two independent stable lines for each knockout. The phenotypic analyses of Dmyo8ABCDE were performed on three independent stable lines.
PCR Amplification of Myosin VIII Insertion Alleles
To verify that the myo8C and myo8D loci were disrupted after treatment with CRE recombinase, the genomic region surrounding the insertion site was amplified by PCR from genomic DNA isolated from Dmyo8ABCDE using primers as listed in Supplemental Table 1 . To determine whether the 5' and 3' insertion sites were properly altered in myo8A, myo8B, and myo8E loci, PCR amplification of genomic DNA from Dmyo8ABCDE was performed using a primer outside and a primer inside the knockout construct (Supplemental Figure  2 and primers listed in Supplemental Table 1 ).
RT-PCR Amplification of Myosin VIII Transcripts
Total RNA was extracted from wild-type and Dmyo8ABCDE tissue as described above. cDNA was synthesized with SuperScript III reverse transcriptase using a pool of reverse primers (Supplemental Table 1 , reverse primers for expression analysis). For myo8A, cDNA was similarly synthesized but using only the myo8A-specific reverse primer (Supplemental Table 1 ). 2 ll of cDNA was used as template in a 50-ll PCR reaction. Phusion (NEB) was the polymerase used for the PCR reaction. Transcripts from the region around the insertion sites were amplified using primers listed in Supplemental Table 1 . The PCR conditions were as follows: 98°C for 30 s, followed by 35 (25 for myo8A) cycles of 98°C for 10 s, 60°C for 15 s, and 72°C for 1 min, and then 72°C for 5 min.
Phenotypic Analyses, Cell Wall Staining, and Imaging
All phenotypic analyses were performed on plants regenerated from protoplasts. Wild-type and myosin VIII knockout tissues were protoplasted as previously described (Bezanilla et al., 2003b (Bezanilla et al., , 2005 Vidali et al., 2007) . Protoplasts were suspended in either top agar or plating medium at a concentration of 10 000 cells ml
À1
. 1 ml of protoplasts was plated onto a 10-cm 2 plate containing PRM medium overlayed with cellophane. Protoplasts were regenerated for 4 d on PRM and then transferred to PpNH4 or water containing 0.7% agar. Plants were visualized at different ages in bright field with a stereomicroscope (Leica MZ16FA) equipped with a color camera (Leica DFC 300FX) or were stained with 0.1 mg ml À1 calcoflour solution and visualized by epifluorescence microscopy (Leica MZ16FA) using a Violet or UV filter sets (Leica, see above).
SUPPLEMENTARY DATA
Supplementary data are available at Molecular Plant Online .
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